Introduction {#s1}
============

Maize (*Zea mays* L.) is not only a key component in human and animal diets worldwide but is also an important energy crop and a raw material in the food industry (Schnable et al., [@B27]; Yin et al., [@B41]). Maize is grown on 177 million ha of land worldwide and its total yield exceeds that of all other grains (FAO, [@B8]). However, there are two major challenges facing corn producers: (1) improving grain yield to satisfy increasing human requirements, and (2) increasing nitrogen (N)-use efficiency for sustainable agriculture (Tilman et al., [@B32]; Mueller et al., [@B23]; Chen et al., [@B3]). In China, maize yield has increased steadily from 3.12 t ha^−1^ in 1980 to 5.81 t ha^−1^ in 2014 (Vitousek et al., [@B34]; National Bureau of Statistics of China, [@B24]). However, over the last 10 years, maize production has either declined or stagnated in most provinces in China, despite a linear increase in fertilizer consumption (Jia et al., [@B13]). Consequently, China has become the largest consumer of N fertilizer in the world, accounting for 9% of the world\'s arable land and more than 33% of the world\'s consumption of N fertilizer (Liu et al., [@B19]; Chen et al., [@B3]). In China, the average N-use efficiency (NUE) in maize decreased from 35.0 kg kg^−1^ in 1,980 to 11.4 kg kg^−1^ in 2014. In contrast, maize NUE increased from 39.4 to 53.2 kg kg^−1^ in the USA during the same period (Vitousek et al., [@B34]; National Bureau of Statistics of China, [@B24]). It has been well-documented that maize yield and NUE can be enhanced by agricultural practices that minimize N leaching (Abbasi et al., [@B1]; Zhao et al., [@B42]), such as deep placement of urea and application of slow-release or controlled-release N fertilizers, as well as by developing N-efficient maize cultivars (Worku et al., [@B36]; Mu et al., [@B22]).

Breeding and using N-efficient maize cultivars is the most feasible way to increase maize grain yield and enhance NUE. Genotype differences in NUE have been reported in rice (Chen et al., [@B2]), maize (Mu et al., [@B22]), wheat (Singh et al., [@B30]), oilseed (Koeslin-Findeklee et al., [@B14]), potato (Tiemens-Hulscher et al., [@B31]), and barley (Hill et al., [@B10]). Maize genotypes can differ in their NUE, which is defined here as the ability of a genotype to produce superior grain yields under low N conditions in comparison with other genotypes (Presterl et al., [@B26]; Wang et al., [@B35]). Li et al. ([@B17]) reported that the dry matter weight, N absorption, and grain yield of N-efficient maize cultivars were significantly higher than those of N-inefficient maize cultivars at the same N level in soil. Presterl et al. ([@B26]) found that adaptation of hybrids from European elite breeding material to conditions with reduced N input was possible and mainly the result of an increase in N-uptake efficiency. The value of NUE is defined by N-uptake efficiency and N-utilization efficiency (Wang et al., [@B35]). N-uptake efficiency refers to the quantity of N absorbed by the plant relative to the available N in soil. In maize, N-uptake efficiency is regarded as a more important factor than N-utilization efficiency under N deficiency (Moll et al., [@B20]; Han et al., [@B9]). Therefore, it is essential to focus on differences in the N uptake ability of roots in maize cultivars with contrasting NUE under low N conditions.

As an integral part of plants, roots are involved in the acquisition of nutrients and water; synthesis of plant hormones, organic acids, and amino acids and anchorage. Moreover, they are the main interface between a plant and its soil environment (Hochholdinger and Tuberosa, [@B11]; Tsukagoshi, [@B33]). An essential strategy for improving NUE is to enhance N uptake by crops through breeding for suitable root traits. Effective N acquisition is not only dependent on the size of roots but also on the N uptake ability per root unit (Chen et al., [@B4]; Mori et al., [@B21]). Chun et al. ([@B5]) suggested that N-efficient cultivars took up more N and had greater root dry weight both with and without N supply than did N-inefficient cultivars, and proved that root size was the dominant factor determining N accumulation. Wang et al. ([@B35]) reported that a larger root system (total root length and root surface area) contributes to efficient N accumulation in N-efficient maize cultivars when compared with N-inefficient maize cultivars.

Many researchers have reported differences in the root morphological characteristics of N-efficient and N-inefficient maize cultivars (Wang et al., [@B35]; Liu et al., [@B18]). However, there are few systematic reports regarding the N uptake ability of roots, which is the key factor in determining the N absorption differences between N-efficient and N-inefficient maize cultivars, particularly in the subtropical region of Southwest China. In our previous study, we showed that Zhenghong 311 (ZH 311) is an N-efficient cultivar with high yield and N uptake, whereas Xianyu 508 (XY 508) is an N-inefficient cultivar with low yield and N uptake (Li et al., [@B15],[@B16]). In the present study, we conducted a 2-year field pot experiment and a hydroponic culture experiment, in which plants were supplied with different levels of N, using the maize cultivars ZH 311 and XY 508 to investigate the amount of N uptake, root N uptake rate, root-to-shoot N ratio, and N uptake kinetics. The specific objectives of this study were as follows: (1) to evaluate the effects of different levels of N supply on the amount of N uptake, root N uptake rate, root-to-shoot N ratio, and N uptake kinetics; (2) to investigate the differences in root N uptake ability between N-efficient and N-inefficient maize cultivars; and (3) to identify the key factors determining the N absorption differences between N-efficient and N-inefficient maize cultivars.

Materials and methods {#s2}
=====================

Experimental conditions
-----------------------

This study comprised two experiments conducted in two different regions over a span of 2 years. Experiment I (Exp. I) was a field pot experiment conducted in Jianyang, Sichuan Provence, China (30°38′N, 104°53′E and 429 m altitude), during the 2014 and 2015 growing seasons, whereas experiment II (Exp. II) was a hydroponic culture experiment carried out in Wenjiang, Sichuan Province, China (30°71′N, 103°87′E and 538 m altitude), during the 2015 growing season. The experimental soils for Exp. I were collected from the top 20-cm layer in a field with long-term maize production. The soil was air-dried and sieved through a 0.5-cm mesh, and visible roots and organic residues were removed manually. The soil was a typical purple soil with the following chemical compositions in 2014 and 2015 (the values for 2015 are listed parenthetically): 15.75 (13.30) g·kg^−1^ organic matter, 1.75 (1.56) g·kg^−1^ total N, 0.57 (0.40) g·kg^−1^ total P, 12.61 (8.25) g·kg^−1^ total K, 39.26 (36.34) mg·kg^−1^ alkali-hydrolyzable N, 2.55 (2.27) mg·kg^−1^ Olsen-P, and 139.33 (128.50) mg·kg^−1^ exchangeable K. The daily air temperature and precipitation recorded in Jianyang during Exp. I are shown in Figure [1](#F1){ref-type="fig"}.

![Climate data for Jianyang during the experimental period.](fpls-08-01060-g0001){#F1}

Experimental design
-------------------

The design of Exp. I was a randomized block with three replicates. The two hybrids (ZH 311 and XY 508) and three N rates in 2014 (0, 150, and 300 kg ha^−1^) and four N rates in 2015 (0, 150, 300, and 450 kg ha^−1^) were randomly assigned to each replicate. The experiment was carried out in plastic pots with a mean diameter of 30 cm and height of 30 cm. Each replicate consisted of 20 pots, resulting in a total of 360 pots in 2014 and 480 pots in 2015. Each pot was filled with 20 kg of soil and arranged in alternating wide and narrow rows (1.4 m + 0.4 m) equivalent to a maize density of 52,500 ha^−1^. The seedlings were germinated in a nursery and those with at least two fully expanded leaves were transplanted at a density of two seedlings per pot. All pots were supplied with 72 kg·ha^−1^ of P~2~O~5~ as a single superphosphate and 90 kg·ha^−1^ of K~2~O in the form of potassium chloride as basal fertilizer. N fertilizer in the form of urea was equally split-applied as basal fertilizer and supplementary fertilizer. The management of all other aspects of plant cultivation was identical for each plot in both years. Water, weeds, insects, and disease were controlled as required to prevent grain yield loss.

The design of Exp. II was a complete randomized block. Maize seeds (ZH 311 and XY 508) were surface-sterilized in 10% (v/v) H~2~O~2~ for 40 min, washed five times with distilled water, and soaked for \~12 h in saturated CaSO~4~ solution with continuous aeration supplied by an electric pump. The seeds were germinated at 28°C under a 14/10 h light/dark photoperiod. When two leaves were fully expanded, the endosperm was removed and uniform seedlings were transferred into black plastic pots (20 seedlings per pot) containing 10 L of nutrient solution. The basic nutrient solution consisted of 0.75 mM K~2~SO~4~, 0.1 mM KCl, 0.25 mM KH~2~PO~4~, 0.65 mM MgSO~4~, 0.13 mM EDTA-Fe, 1.0 μM MnSO~4~, 1.0 μM ZnSO~4~, 0.1 μM CuSO~4~, and 0.005 μM (NH~4~)~6~Mo~7~O~24~. Seedlings were randomly divided into a normal-nitrogen group (supplied with 4 mM N; CK) and a low-nitrogen group (supplied with 0.04 mM N; LN). Ca(NO~3~)~2~ was used as a nitrogen source, and Ca^2+^ deficiency was rectified by supplementation with CaCl~2~ in LN treatments. The seedlings were grown in a growth chamber at 28/22°C under a 14/10 h light/dark cycle. The nutrient solution was renewed every third day and aerated continuously using an electric pump. The pH was adjusted to 6.0 with KOH.

Sampling and measurements
-------------------------

In Exp. I, at the jointing (JS), large bell (LBS), silking (SS), filling (20 days after silking, FS), and maturity (MS) stages, samples were collected from two neighboring pots (four plants), and each sample was divided into root, leaf lamina, stem plus sheath, and panicle (grain and bract plus cob at the MS). Fresh samples were oven-dried at 105°C for 1 h and then at 80°C until constant weight to determine dry matter accumulation in different organs. The dried samples were ground and sifted through a 0.5-mm griddle to determine the total N concentration using an automatic Kjeldahl apparatus (Kjeltec-8400; Foss, Sweden).

In Exp. II, 18 days after N treatment, 10 uniform seedlings were sampled from each treatment (with three replicates), and each sample was divided into root and shoot. Dry matter accumulation and total N concentration were determined following the protocol described for Exp. I. Kinetic parameters were assessed 9 days after N treatment using the depletion method. Uniform seedlings were sampled and washed, initially with running water and then with deionized water. The plants were then soaked in 0.2 mM CaSO~4~ solution for 1 day to eliminate the effect of residual N in free space. (NH~4~)~2~SO~4~ and NaNO~3~ solutions were used at seven different N concentrations (0.05, 0.1, 0.2, 0.4, 0.6, 1.0, and 2 mM) and pH was adjusted to 6.0. Five uniform maize seedlings were selected as one replicate, and the experiments were conducted in three replicates for each N concentration. The seedlings were subsequently soaked in 250 mL of N solution for 2 h in an illuminated incubator at a light intensity of 4,000 lx and 25°C. After soaking, the roots were cut off, dried with filter paper, and weighed. The content of NH~4~-N and NO~3~-N in the roots was analyzed by using an automated continuous flow analyzer (FUTURA; AMS Alliance, Frépillon, France). The net N absorption rate of the root in unit time was calculated from the change in concentrations before and after absorption.

Calculation methods
-------------------

The logistic equation is a sigmoidal curve that can be used to model crop growth. It has been widely used to assess biomass yield, crop height, and leaf area expansion (Sheehy et al., [@B29]; Yan et al., [@B40]; Sepaskhah et al., [@B28]). Herein, it was used to fit the maize N uptake curve. Using the logistic equation, we can calculate the final theoretical N accumulation (*M*), maximum N uptake rate (*V*~m~), average N uptake rate (*V*~a~), time of instantaneous maximum slope (*T*~0~), time of N uptake rate acceleration (*T*~1~), time of N uptake rate deceleration (*T*~2~), and rapid N uptake period (*T*~2~--*T*~1~) as follows:
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where *x* represents the number of days after sowing, *y* represents N accumulation, and a and b are the constants of the fitted equation.

The root N uptake rate and root-to-shoot N ratio were calculated as follows (Liu et al., [@B18]):
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The N absorption kinetics curve was fitted according to the Michaelis--Menten equation (Xu et al., [@B39]; Xiaochuang et al., [@B37]):
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where *V* is the uptake rate, *V*~max~ is the maximum uptake rate, *K*~m~ is the apparent Michaelis constant, and C is the concentration of ammonium or nitrate.

Statistical analysis
--------------------

Significant differences between mean values were tested by one-way analysis of variance using the least significant difference test (LSD) at the 0.05 level of probability with SPSS 20.0 statistical software (SPSS Inc., Chicago, IL, USA). The logistic and Michaelis--Menten equations were fitted in Origin Pro 9.0 (Origin Lab Inc., Hampton, VA, USA), and graphs were prepared using Graph Pad Prism V. 5.0 (GraphPad Software Inc., La Jolla, CA, USA).

Results {#s3}
=======

Nitrogen absorption
-------------------

There were significant differences in N accumulation between the N treatments and maize cultivars in both years of the study (Figure [2A](#F2){ref-type="fig"}). The mean N accumulation in ZH 311 at JS, LBS, SS, FS, and MS was higher than that in XY 508 by 0.06, 0.14, 0.23, 0.29, and 0.39 g plant^−1^ in 2014, and by 0.05, 0.11, 0.16, 0.27, and 0.33 g plant^−1^ in 2015, respectively. N application significantly increased the N accumulation in both cultivars, although the N accumulation increment of the two cultivars was noticeably different. The N accumulation gains in ZH 311 were higher than those in XY 508 by 13.61% in 2014 and 13.09% in 2015. The differences in N accumulation between ZH 311 and XY 508 were influenced by N levels, with the largest differences being observed in treatments supplemented with 300 kg h^−1^ N. The regression equation of the N accumulation difference between ZH 311 and XY 508 (*y*) against the N level (*x*) in 2015 was *y* = −0.000008*x*^2^ + 0.003466*x* + 0.145750 (*R*^2^ = 0.9905\*). The results showed that the differences in N absorption between ZH 311 and XY 508 initially increased and then decreased with increasing N levels, with the highest value being measured at an N application of 216.63 kg ha^−1^. Therefore, the N accumulation advantage of ZH 311 over XY 508 was more evident under low and moderate N levels, whereas high N levels contributed more to N accumulation in XY 508.

![Logistic curve fitting of nitrogen absorption **(A)** and root-to-shoot nitrogen ratio in different growth stages **(B)** (Experiment I). Data are the mean ± SE of three replicate pots, with four plants per pot.](fpls-08-01060-g0002){#F2}

Maize N accumulation followed an S-shaped curve during the entire growth period and all the fitted logistic equations were significant (*R*^2^ \> 0.95; Figure [2A](#F2){ref-type="fig"}, Table [1](#T1){ref-type="table"}). Significant differences were found in the final theoretical N accumulation (*M*), maximum N uptake rate (*V*~m~), average N uptake rate (*V*~a~), time of instantaneous maximum slope (*T*~0~), and rapid N uptake period (*T*~2~--*T*~1~) under different N levels (Table [1](#T1){ref-type="table"}). Compared to the treatments with 0 kg ha^−1^ N application, there were marked increases in *M, V*~m~, and *V*~a~ in treatments with N. However, *T*~0~ was advanced and *T*~2~--*T*~1~ was shortened significantly with N application. With regards to cultivar differences, there were significant differences in *M, V*~m~, *V*~m~, *T*~0~, and *T*~2~--*T*~1~ between the two cultivars. Compared with XY 508, the mean values of *M, V*~m~, and *V*~a~ for ZH 311 were higher by 24.76, 21.12, and 24.76% in 2014 and by 21.17, 16.90, and 21.17% in 2015, respectively. The *T*~0~ and *T*~2~--*T*~1~ for ZH 311 commenced later and lasted longer than those for XY 508. *T*~0~ was postponed by 6.91 and 3.92 d in 2014 and 2015, and *T*~2~--*T*~1~ was extended by 4.20 and 1.75 d in 2014 and 2015, respectively. In treatments where plants received up to 300 kg ha^−1^ of N, the N accumulation, *M, V*~m~, and *V*~a~ increased with increasing N rates in both cultivars; however, when N application exceeded 300 kg ha^−1^ in 2015, the N accumulation, *M, V*~m~, and *V*~a~ of ZH 311 plateaued and even decreased, whereas these parameters continued to increase in XY 508. In other words, the N accumulation, *M, V*~m~, and *V*~a~ of ZH 311 were fitted to N fertilizer levels with a quadratic function, whereas those of XY 508 were fitted with an approximate linear function.

###### 

Logistic equation characteristics of N accumulation in different treatments in 2014 and 2015 (Experiment I).

  **Cultivar**   **Nitrogen rate (kg ha^−1^)**   **Regression equation**                           ***R*^2^**   ***M* (g plant^−1^)**                        ***V*~m~ (mg plant^−1^ d^−1^)**              ***V*~a~ (mg plant^−1^ d^−1^)**              ***T*~0~ (*d*)**                            ***T*~2~--*T*~1~ (*d*)**
  -------------- ------------------------------- ------------------------------------------------- ------------ -------------------------------------------- -------------------------------------------- -------------------------------------------- ------------------------------------------- -------------------------------------------
  **2014**       0 N                             *y* = 0.87986/(1 + 42.18444EXP^−0.04265^)         0.9780       0.88d                                        9.41d                                        7.34d                                        87.02a                                      61.69a
  ZH 311         150 N                           *y* = 2.47505/(1 + 30.87484EXP ^−0.04770**x**^)   0.9938       2.48b                                        29.60c                                       20.68b                                       72.07b                                      55.30b
                 300 N                           *y* = 2.93293/(1 + 82.39378EXP ^−0.07065**x**^)   0.9816       2.94a                                        51.91a                                       24.48a                                       62.57c                                      37.47d
                 Average                                                                                        2.10A                                        30.31A                                       17.50A                                       74.16A                                      51.49A
                 0 N                             *y* = 0.69241/(1 + 24.40921EXP ^−0.04270**x**^)   0.9748       0.70e                                        5.74e                                        5.86e                                        74.82b                                      58.54ab
  XY 508         150 N                           *y* = 1.94140/(1 + 45.39570EXP ^−0.06007**x**^)   0.9984       1.94c                                        29.16c                                       16.18c                                       63.53c                                      43.87c
                 300 N                           *y* = 2.40577/(1 + 69.06229EXP ^−0.06681**x**^)   0.9816       2.41b                                        40.17b                                       20.05b                                       63.40c                                      39.44d
                 Average                                                                                        1.68B                                        25.02B                                       14.03B                                       67.25B                                      47.28B
  *F*-value      Cultivar (C)                                                                                   256.01[^\*\*^](#TN1){ref-type="table-fn"}    30.91[^\*\*^](#TN1){ref-type="table-fn"}     256.44[^\*\*^](#TN1){ref-type="table-fn"}    39.79[^\*\*^](#TN1){ref-type="table-fn"}    48.63[^\*\*^](#TN1){ref-type="table-fn"}
                 Nitrogen (N)                                                                                   1886.54[^\*\*^](#TN1){ref-type="table-fn"}   548.96[^\*\*^](#TN1){ref-type="table-fn"}    1889.06[^\*\*^](#TN1){ref-type="table-fn"}   100.41[^\*\*^](#TN1){ref-type="table-fn"}   430.05[^\*\*^](#TN1){ref-type="table-fn"}
                 C × N                                                                                          20.96[^\*\*^](#TN1){ref-type="table-fn"}     12.49[^\*\*^](#TN1){ref-type="table-fn"}     21.07[^\*\*^](#TN1){ref-type="table-fn"}     13.83[^\*\*^](#TN1){ref-type="table-fn"}    41.88[^\*\*^](#TN1){ref-type="table-fn"}
  **2015**       0 N                             *y* = 0.48695/(1 + 42.64041EXP ^−0.05012**x**^)   0.9880       0.49g                                        7.68f                                        4.13g                                        74.88a                                      52.53a
                 150 N                           *y* = 2.24803/(1 + 30.52863EXP ^−0.04911**x**^)   0.9760       2.25e                                        27.60d                                       19.05e                                       69.61b                                      53.64a
  ZH 311         300 N                           *y* = 2.86145/(1 + 44.89225EXP ^−0.05933**x**^)   0.9868       2.86a                                        42.44ab                                      24.26a                                       64.15e                                      44.43c
                 450 N                           *y* = 2.73707/(1 + 64.89356EXP ^−0.06240**x**^)   0.9885       2.74b                                        42.70a                                       23.20b                                       66.88d                                      42.22d
                 Average                                                                                        2.08A                                        30.11A                                       17.66A                                       68.88A                                      48.20A
                 0 N                             *y* = 0.34676/(1 + 30.53887EXP ^−0.04991**x**^)   0.9881       0.35h                                        4.33g                                        2.94h                                        68.51c                                      52.79a
                 150 N                           *y* = 1.69038/(1 + 32.66548EXP ^−0.05463**x**^)   0.9535       1.69f                                        23.09e                                       14.33f                                       63.82e                                      48.22b
  XY 508         300 N                           *y* = 2.32867/(1 + 42.36136EXP ^−0.05888**x**^)   0.9787       2.33d                                        34.28c                                       19.75d                                       63.64e                                      44.77c
                 450 N                           *y* = 2.51174/(1 + 66.79792EXP ^−0.06579*x*^)     0.9847       2.51c                                        41.32b                                       21.29c                                       63.87e                                      40.06e
                 Average                                                                                        1.72B                                        25.75B                                       14.57B                                       64.96B                                      46.46B
  *F*-value      Cultivar (C)                                                                                   374.31[^\*\*^](#TN1){ref-type="table-fn"}    139.16[^\*\*^](#TN1){ref-type="table-fn"}    373.85[^\*\*^](#TN1){ref-type="table-fn"}    302.52[^\*\*^](#TN1){ref-type="table-fn"}   16.15[^\*\*^](#TN1){ref-type="table-fn"}
                 Nitrogen (N)                                                                                   3026.76[^\*\*^](#TN1){ref-type="table-fn"}   1945.16[^\*\*^](#TN1){ref-type="table-fn"}   3024.10[^\*\*^](#TN1){ref-type="table-fn"}   225.76[^\*\*^](#TN1){ref-type="table-fn"}   154.10[^\*\*^](#TN1){ref-type="table-fn"}
                 C × N                                                                                          31.86[^\*\*^](#TN1){ref-type="table-fn"}     14.95[^\*\*^](#TN1){ref-type="table-fn"}     31.85[^\*\*^](#TN1){ref-type="table-fn"}     36.08[^\*\*^](#TN1){ref-type="table-fn"}    9.74[^\*\*^](#TN1){ref-type="table-fn"}

*Data are the means of three replicates. Values with different lowercase letters are significantly different at p \< 0.05; within cultivars, values with different uppercase letters are significantly different at p \< 0.05 according to the least significant difference test*.

*p \< 0.01; ns, not significant*.

The correlation and path analysis of both cultivars in the 2 years of experiments showed that *M* was significantly positively correlated with *V*~m~ and *V*~a~ and significantly negatively correlated with *T*~0~ and *T*~2~--*T*~1~. The contribution of *V*~a~ to *M* was the greatest (over 80%), followed by *V*~m~ and *T*~2~--*T*~1~. These results indicated that the primary and secondary factors responsible for differences in the N uptake and accumulation of ZH 311 and XY 508 were *V*~a~ and *T*~2~--*T*~1~, respectively.

Root nitrogen uptake rate
-------------------------

The root N uptake rate decreased with the progression of maize growth stages, with the highest root N uptake rate being observed at the sowing stage--JS in both years (Table [2](#T2){ref-type="table"}). The N uptake rate of ZH 311 roots was higher by 11.99% during the sowing stage--JS, 15.54% in JS--SS, 18.49% in SS--MS, and 8.28% over the entire growth period compared with that of XY 508 roots in 2014 and by 9.27, 22.82, 32.31, and 4.26% in the respective stages in 2015. These results showed that the differences in N absorption between the two cultivars mainly stem from the differences in root N uptake rate in later growth stages. The average root N uptake rate over the entire growth period in ZH 311 was higher by 16.09, 2.67, and 9.47% compared with that in XY 508 in treatments with 0, 150, and 300 kg ha^−1^ of N, respectively, in 2014, and by 23.33, 10.39, 1.04, and −4.56% in treatments with 0, 150, 300, and 450 kg ha^−1^ of N, respectively, in 2015.

###### 

Root nitrogen uptake rates in different growth periods in 2014 and 2015 (Experiment I).

  **Cultivar**   **Nitrogen rate (kg ha^−1^)**   **Sowing stage--jointing stage (mg g**^**−1**^ **RDW d**^**−1**^**)**   **Jointing stage--silking stage (mg g**^**−1**^ **RDW d**^**−1**^**)**   **Silking stage--maturity stage (mg g**^**−1**^ **RDW d**^**−1**^**)**   **Average (mg g**^**−1**^ **RDW d**^**−1**^**)**                                                                                                                                      
  -------------- ------------------------------- ----------------------------------------------------------------------- ------------------------------------------------------------------------ ------------------------------------------------------------------------ -------------------------------------------------- ------------------------------------------ ------------------------------------------- ------------------------------------------- -------------------------------------------
  ZH 311         0 N                             1.21c                                                                   1.34c                                                                    1.15d                                                                    1.45f                                              0.75b                                      0.58d                                       1.01c                                       1.11d
                 150 N                           3.89b                                                                   4.03b                                                                    2.43c                                                                    2.03d                                              0.96a                                      0.81b                                       1.54b                                       1.70c
                 300 N                           4.61a                                                                   4.41a                                                                    4.26a                                                                    3.16b                                              0.70b                                      0.80b                                       1.85a                                       1.95b
                 450 N                           --                                                                      4.55a                                                                    --                                                                       3.57a                                              --                                         0.95a                                       --                                          2.09ab
                 Average                         3.24A                                                                   3.58A                                                                    2.61A                                                                    2.56A                                              0.80A                                      0.79A                                       1.47A                                       1.71A
  XY 508         0 N                             1.10c                                                                   1.38c                                                                    0.82e                                                                    0.82g                                              0.74b                                      0.48e                                       0.87c                                       0.90e
                 150 N                           3.69b                                                                   3.80b                                                                    2.43c                                                                    1.76e                                              0.66b                                      0.46e                                       1.50b                                       1.54c
                 300 N                           3.88b                                                                   4.02b                                                                    3.53b                                                                    2.62c                                              0.66b                                      0.67c                                       1.69ab                                      1.93b
                 450 N                           --                                                                      3.91b                                                                    --                                                                       3.12b                                              --                                         0.74b                                       --                                          2.19a
                 Average                         2.89B                                                                   3.28B                                                                    2.26B                                                                    2.08B                                              0.69B                                      0.59B                                       1.35B                                       1.64B
  *F*-value      Cultivar (C)                    6.92[^\*^](#TN3){ref-type="table-fn"}                                   36.39[^\*\*^](#TN2){ref-type="table-fn"}                                 14.59[^\*\*^](#TN2){ref-type="table-fn"}                                 74.03[^\*\*^](#TN2){ref-type="table-fn"}           16.24[^\*\*^](#TN2){ref-type="table-fn"}   138.76[^\*\*^](#TN2){ref-type="table-fn"}   5.69[^\*^](#TN3){ref-type="table-fn"}       5.58[^\*^](#TN3){ref-type="table-fn"}
                 Nitrogen (N)                    214.19[^\*\*^](#TN2){ref-type="table-fn"}                               759.51[^\*\*^](#TN2){ref-type="table-fn"}                                336.45[^\*\*^](#TN2){ref-type="table-fn"}                                322.51[^\*\*^](#TN2){ref-type="table-fn"}          6.44[^\*^](#TN3){ref-type="table-fn"}      63.85[^\*\*^](#TN2){ref-type="table-fn"}    111.99[^\*\*^](#TN2){ref-type="table-fn"}   270.70[^\*\*^](#TN2){ref-type="table-fn"}
                 C × N                           2.14                                                                    8.00[^\*\*^](#TN2){ref-type="table-fn"}                                  5.29[^\*^](#TN3){ref-type="table-fn"}                                    1.88                                               10.51[^\*\*^](#TN2){ref-type="table-fn"}   11.92[^\*\*^](#TN2){ref-type="table-fn"}    0.74                                        5.64[^\*\*^](#TN2){ref-type="table-fn"}

*RDW, root dry weight. Data are the means of three replicates. Values with different lowercase letters are significantly different at p \< 0.05; within cultivars, values with different uppercase letters are significantly different at p \< 0.05 according to the least significant difference test*.

p \< 0.01;

*p \< 0.05; ns, not significant*.

In both study years, significant differences were found in the root N uptake rate during all growth periods under different N treatments. At the sowing stage--JS, the root N uptake rate (*y*) increased with increasing N rates (*x*). However, at N levels exceeding 300 kg ha^−1^, the N accumulation decreased, thus following a quadratic function. Regarding the JS--SS, SS--MS, and entire growth periods, the root N uptake rate increased with increasing N rates following a linear positive correlation, whereas the increments in the root N uptake rate between the two cultivars were clearly different. The application of N fertilizer at a rate of 100 kg ha^−1^ increased the average root N uptake rate to 0.213 and 0.284 mg g^−1^ root dry weight d^−1^ in the entire growth period of ZH 311 and XY 508, respectively. The higher gain in XY 508 indicates that ZH 311 was affected less by N fertilizer and therefore was less sensitive to N fertilizer compared with XY 508, which was sensitive to N fertilization level, and particularly to N deficiency.

In addition, the average dry weight of ZH 311 roots in N treatments was slightly higher, by 9.69% in 2014 and 3.66% in 2015, than that of XY 508, whereas the dry weight of ZH 311 roots in treatments that were not supplemented with N was significantly higher, by 34.06% and 23.87% in 2014 and 2015 (data not shown), respectively, than that of XY 508 roots. These data indicate that the N-efficient cultivar ZH 311 maintained higher root dry weight, thereby enhancing its adaptability to N-deficient conditions.

Root-to-shoot nitrogen ratio
----------------------------

Significant differences were also found in the root-to-shoot N ratio under different N levels in the substrate (Figure [2B](#F2){ref-type="fig"}). The root-to-shoot N ratio was significantly lower with N treatments than with treatments with no N application by 69.92% at JS, 47.77% at LBS, 48.37% at SS, 27.71% at FS, and 20.97% at MS in 2014, and by 51.31, 34.67, 44.21, 31.10, and 23.43%, respectively, in 2015. There were significant differences in the root-to-shoot N ratios of the two maize cultivars. The root-to-shoot N ratio of XY 508 was higher than that of ZH 311 by 3.44% at JS, 35.79% at LBS, 31.88% at SS, 4.88% at FS, and 30.90% at MS in 2014, and by 9.62, 39.56, 75.65, 20.08, and 7.87% respectively, in 2015. The differences between ZH 311 and XY 508 in the root-to-shoot N ratio at LBS and SS stages were higher than those at other stages and significantly higher in treatments with no N application than in treatments with different levels of N. Furthermore, the root-to-shoot ratio of N in ZH 311 at MS was lower by 24.08, 28.25, and 18.43% than that in XY 508 in treatments with 0, 150, and 300 kg h^−1^ of N, respectively, in 2014, and by 14.73, 19.39, 11.47, and 8.42% in treatments with 0, 150, 300, and 450 kg h^−1^ of N, respectively, in 2015. The differences between ZH 311 and XY 508 initially increased and then decreased, with the highest values being observed in treatments with 150 kg h^−1^ of N in both experimental years. These results indicate that the N-efficient cultivar was better able to coordinate the N allocation between the shoot and root, particularly at moderate N levels.

Under LN stress, there was a significant increase in the root-to-shoot ratio of N in maize (Figure [3A](#F3){ref-type="fig"}), by 160.48 and 330.12% in ZH 311 and XY 508, respectively. In contrast, the root N uptake rate was significantly decreased (Figure [3B](#F3){ref-type="fig"}). The N uptake rate of ZH 311 roots was 65.22 and 55.23% higher than that of XY 508 roots under CK and LN treatments, respectively. This indicates that the N uptake ability of ZH 311 roots was greater than that of XY 508 roots under both normal and low N conditions, thereby indicating an enhanced coordinated distribution of N in the roots and shoots of ZH 311, particularly under low N stress.

![Root-to-shoot nitrogen ratio **(A)** and root nitrogen uptake rates **(B)** (Experiment II). Data are the mean ± SE of three replicate pots. Values with different lowercase letters are significantly different at *p* \< 0.05.](fpls-08-01060-g0003){#F3}

Kinetics of root nitrogen uptake
--------------------------------

With increasing ammonium concentration, there were significant increases in the amount and rate of root ammonium uptake in the four treatments (Figure [4](#F4){ref-type="fig"}). Under LN stress, the ammonium uptake rate per fresh weight (FW) in both cultivars increased significantly, and the increment was visibly higher in ZH 311 than in XY 508. Moreover, at an ammonium concentration of 2 mmol L^−1^, the ammonium uptake rate in ZH 311 was 2.18 mg g^−1^ FW h^−1^ higher than that of the CK group, whereas that in XY 508 was higher only by 1.58 mg g^−1^ FW h^−1^. The ammonium uptake rates per plant increased in ZH 311 but decreased in XY 508.

![Ammonium nitrogen uptake rates of maize cultivars with contrasting nitrogen efficiency (Experiment II). FW, fresh weight. Data are the mean ± SE of three replicate pots, with five seedlings per pot. Uptake rate per FW **(A)** and uptake rate per plant **(B)**.](fpls-08-01060-g0004){#F4}

Data analysis showed that the root ammonium uptake rates corresponded to the Michaelis--Menten equation in all treatments (*R*^2^ \> 0.96, data not shown). Significant differences were found in *V*~max~ per FW, *V*~max~ per plant, and *K*~m~ between ZH 311 and XY 508 (Figure [5](#F5){ref-type="fig"}). Taking into account the average values of the CK and LN groups, the *V*~max~ per FW and *V*~max~ per plant in ZH 311 were higher by 13.22% and 7.29% compared to those in XY 508, whereas *K*~m~ was lower by 29.34% compared to that in XY 508. Under LN stress, the *V*~max~ per FW was significantly increased and the *V*~max~ per plant and *K*~m~ significantly decreased in both cultivars. The increment in *V*~max~ per FW in ZH 311 was higher than that in XY 508, whereas the decrement in *V*~max~ per plant and *K*~m~ were lower than those in XY 508. These results showed that the N-efficient cultivar had a higher ammonium affinity and greater ammonium uptake potential than did the N-inefficient cultivar under both CK and LN conditions, whereas the differences in ammonium affinity and ammonium uptake potential between the N-efficient and N-inefficient cultivars were higher under LN than under CK conditions.

![Kinetic parameters of ammonium nitrogen uptake rates in maize (Experiment II). FW, fresh weight. Data are the mean ± SE of three replicate pots. Values with different lowercase letters are significantly different at *p* \< 0.05. Maximum uptake rate per FW **(A)**, maximum uptake rate per plant **(B)**, and apparent Michaelis constant **(C)**.](fpls-08-01060-g0005){#F5}

There were significant differences in nitrate uptake rate between the maize cultivars, being higher in the N-efficient cultivar ZH 311, particularly under LN stress (Figure [6](#F6){ref-type="fig"}). At a nitrate concentration of 2 mmol L^−1^, the nitrate uptake rate per FW in ZH 311 was higher than that in XY 508 by 1.03 mg g^−1^ FW h^−1^ in the CK group and by 2.61 mg g^−1^ FW h^−1^ in the LN group. The nitrate uptake rate per plant in ZH 311 was higher than that in XY 508 by 2.46 mg root^−1^ h^−1^ and 5.90 mg root^−1^ h^−1^ in the CK and LN groups, respectively. The differences in both the nitrate uptake rate per FW and nitrate uptake rate per plant between the two cultivars were higher under LN than under CK conditions, with the differences in the root nitrate uptake rate per plant being greater than those in the root nitrate uptake rate per FW. The difference between the N-efficient and N-inefficient cultivars in nitrate *V*~max~ per FW was the same as that for nitrate *V*~max~ per plant in the CK groups, whereas the difference in nitrate *V*~max~ per plant was higher than that in nitrate *V*~max~ per FW in the LN groups.

![Nitrate nitrogen uptake rates of maize cultivars with contrasting nitrogen efficiency (Experiment II). FW, fresh weight. Data are the mean ± SE of three replicate pots, with five seedlings per pot. Uptake rate per FW **(A)** and uptake rate per plant **(B)**.](fpls-08-01060-g0006){#F6}

There were significant differences in the kinetic parameters of nitrogen uptake between maize cultivars (Figure [7](#F7){ref-type="fig"}). Compared with XY 508, ZH 311 showed considerably higher values for *V*~max~ per FW and *V*~max~ per plant, but lower *K*~m~, particularly under low N conditions. The *K*~m~ values for ammonium uptake were significantly higher than those for nitrate uptake---the *K*~m~ of ammonium uptake by ZH 311 and XY 508 was 34.54 and 70.58% higher, respectively, than that of nitrate uptake by the same cultivars. Furthermore, at an ionic concentration of 2 mmol L^−1^, the mean ammonium uptake rate (*V* per FW and *V* per plant) reached only 61.77 and 61.67% of the ammonium *V*~max~ per FW and *V*~max~ per plant, respectively, whereas the mean nitrate uptake rate reached 72.66 and 71.65% of the nitrate *V*~max~ per FW and *V*~max~ per plant, respectively. In terms of cultivar differences, the mean ammonium uptake rate and mean nitrate uptake rate of ZH 311 reached 65.82 and 64.63% of the *V*~max~ per FW, respectively, and 74.64 and 73.80% of the *V*~max~ per plant, respectively, whereas those of XY 508 reached 57.19 and 58.49% of the *V*~max~ per FW, and 68.85 and 67.82% of the *V*~max~ per plant, respectively. These results showed that both the nitrate affinity and nitrate uptake potential of the N-efficient cultivar are higher than those of the N-inefficient cultivar, whereas the tolerance of the N-inefficient cultivar to excessive N supply is higher than that of the N-efficient cultivar.

![Kinetic parameters of nitrate nitrogen uptake rates of maize (Experiment II). FW, fresh weight. Data are the mean ± SE of three replicate pots. Values with different lowercase letters are significantly different at *p* \< 0.05. Maximum uptake rate per FW **(A)**, maximum uptake rate per plant **(B)**, and apparent Michaelis constant **(C)**.](fpls-08-01060-g0007){#F7}

Discussion {#s4}
==========

Differences in root nitrogen uptake ability
-------------------------------------------

Nitrogen is an essential component of numerous important compounds, including amino acids, proteins, nucleic acids, chlorophyll, and some plant hormones (Chun et al., [@B5]; Han et al., [@B9]). Consequently, N accumulation has a significant influence on maize growth (Liu et al., [@B18]), dry matter production, and yield (Mu et al., [@B22]). Many studies have reported the difference in N accumulation between N-efficient and N-inefficient cultivars (Worku et al., [@B36]; Li et al., [@B17]; Mu et al., [@B22]). Peng et al. ([@B25]) showed that N accumulation in the whole plant of the N-efficient line 478 was significantly higher than that of the N-inefficient Wu312. Chun et al. ([@B5]) suggested that N-efficient hybrids take up more N than N-inefficient hybrids, and that the difference in N uptake between N-efficient and N-inefficient cultivars is mainly attributed to N accumulation after silking. These results were corroborated by the present study, in which we found that the N accumulation of ZH 311 was significantly higher than that of XY 508 at both low and high N levels in two experimental systems (Figure [2](#F2){ref-type="fig"}, Exp. II data not shown). In addition, we also found that, compared with XY 508, the N accumulation capacity of ZH 311 was greater at low N levels than at high N concentrations (Exp. I). The correlations between N accumulation, *M, V*~m~, and *V*~a~ of ZH 311 and N levels followed a quadratic function, whereas those of XY 508 and N levels followed an approximate linear function. The greatest differences in N accumulation between ZH 311 and XY 508 was observed at low and moderate N levels, and decreased with increasing N levels. Thus, compared to the N-inefficient cultivar XY 508, the N uptake capacity of the N-efficient cultivar ZH 311 was mainly displayed under low and moderate N levels.

To acquire adequate amounts of N, plants may increase root size (root length, root volume, and root dry weight) or increase root N uptake ability (Liu et al., [@B18]). The absorption of N in maize was in accordance with a logistic function, whereas the curve parameters of different cultivars and N levels were clearly different. In this regard, we found that the N uptake rates *V*~m~ and *V*~a~ of ZH 311 were significantly higher than those of XY 508, whereas the N uptake times *T*~0~ and *T*~2~--*T*~1~ of ZH 311 commenced later and lasted longer than those of XY 508 (Table [1](#T1){ref-type="table"}). However, the differences between ZH 311 and XY 508 in *V*~m~ and *V*~a~ were significantly higher than those pertaining to *T*~0~ and *T*~2~--*T*~1~. Therefore, differences in the N accumulation of ZH 311 and XY 508 were mainly attributable to N uptake rate rather than to uptake time. In this study, the root dry weight for ZH 311 was greater than that of XY 508, particularly under conditions of N deficiency. However, the differences between ZH 311 and XY 508 in the root N uptake ability were greater than those in the root dry weight. These results indicate that the differences in N uptake between the N-efficient cultivar ZH 311 and N-inefficient cultivar XY 508 were mainly due to the higher root N uptake ability of ZH 311, and that the greater root dry weight in ZH 311 could play a role in better N uptake under low N conditions.

In this study, the root N uptake rate decreased significantly as maize growth progressed (Table [2](#T2){ref-type="table"}). The root N uptake rate of ZH 311 was significantly higher than that of XY 508 at low and high N levels in both experiments (Table [2](#T2){ref-type="table"}, Figure [3B](#F3){ref-type="fig"}). The differences gradually increased with growth progression, and the largest difference was observed during the SS--MS period in both years (Table [2](#T2){ref-type="table"}). These results are well-explained by differences in the N uptake of the N-efficient and N-inefficient cultivars that originate during the post-silking stage, which are consistent with the results reported in many previous studies (Chun et al., [@B5]; Li et al., [@B17]; Cui et al., [@B6]). N application significantly increased the root N uptake rate of both maize cultivars, with the increase being significantly higher in XY 508 than in ZH 311. These results showed that N application was more conducive to enhancing the root N uptake rate in XY 508, and also indicate that XY 508 is sensitive to N deficiency. Therefore, the root N uptake ability of ZH 311 was significantly higher than that of XY 508 at low and high N levels, and maintaining higher root N uptake ability is an important factor for the N-efficient cultivar ZH 311 in adaptation to N deficiency.

Characteristics of maize root nitrogen uptake kinetics
------------------------------------------------------

Analysis of root uptake kinetics is the most simple and feasible approach for studying the difference in plant root uptake ability (Hu et al., [@B12]; Xiaochuang et al., [@B37]). The nutrient uptake rate of crop root systems obeys the Michaelis--Menten equation, although there are obvious differences among crops and cultivars (Ferreira et al., [@B7]; Zheng et al., [@B43]). In our study, significant differences in the uptake kinetics of ammonium and nitrate were observed between ZH 311 and XY 508 (Figures [4](#F4){ref-type="fig"}--[7](#F7){ref-type="fig"}). The *K*~m~ values of ammonium and nitrate in ZH 311 were lower than those of XY 508, whereas the *V*~max~ per FW and *V*~max~ per plant of ZH 311 were higher for both N resources (Figures [5](#F5){ref-type="fig"}, [7](#F7){ref-type="fig"}). Similar results have been reported for other crops (Xiong et al., [@B38]; Zheng et al., [@B43]), with the affinity and uptake potential for ammonium and nitrate of N-efficient cultivars being shown to be significantly higher than those of N-inefficient cultivars. Furthermore, the *V*~max~ per FW and *V*~max~ per plant (except for the ammonium uptake rate in XY 508) increased significantly in both cultivars under LN stress. The increments of *V*~max~ per FW and *V*~max~ per plant in ZH 311 were markedly higher than those in XY 508, and the differences between ZH 311 and XY 508 in *V*~max~ per plant were higher than those in *V*~max~ per FW (Figures [5](#F5){ref-type="fig"}, [7](#F7){ref-type="fig"}). These results indicate that the root N uptake ability of the N-efficient cultivar ZH 311 is significantly higher than that of the N-inefficient cultivar XY 508 under both CK and LN conditions. The differences in root N uptake ability between the N-efficient cultivar ZH 311 and N-inefficient cultivar XY 508 were mainly attributable to the root N uptake rate per FW under sufficient levels of N, whereas differences under conditions of N deficiency were affected by the coordinated effects of root size and root N uptake rate per FW.

The uptake forms of N vary among crops and cultivars, since some plants preferentially take up ammonium N, whereas others tend to absorb nitrate N (Hu et al., [@B12]; Zheng et al., [@B43]). In this study, the *K*~m~ and *V*~max~ for nitrate in both cultivars were clearly lower than those for ammonium (Figures [4](#F4){ref-type="fig"}--[7](#F7){ref-type="fig"}), which may be due to differences in ammonium and nitrate absorption and assimilation mechanisms. These results show that the affinity of maize roots for nitrate uptake is greater than that for ammonium uptake, that the uptake ability for nitrate is higher under low N conditions, and that nitrate is the main N uptake source in maize. The differences in the root ammonium *V*~max~ per FW and *V*~max~ per plant between ZH 311 and XY 508 were 30.30 and 18.54% at a concentration of 2 mmol L^−1^, whereas the differences in the root nitrate uptake rate were 109.01 and 93.62%, respectively (Figures [5](#F5){ref-type="fig"}, [7](#F7){ref-type="fig"}). Furthermore, the *K*~m~ values of ammonium and nitrate uptake in both cultivars decreased significantly under LN stress. Ammonium uptake by ZH 311 and XY 508 decreased by 48.58 and 53.26% and nitrate uptake by the two cultivars decreased by 42.78 and 26.89%, respectively. These results indicate that the differences in nitrate uptake between the N-efficient cultivar ZH 311 and N-inefficient cultivar XY 508 were significantly higher than those in ammonium uptake. Such disparity may be explained by the fact that nitrate is the main N source in maize.

The simplest and most effective method to reduce the application of N fertilizer in crop production is to select cultivars with higher root N uptake ability. In this study, we investigated the N uptake ability of two maize cultivars, the N-efficient ZH 311 and N-inefficient XY 508. The application of N fertilizers significantly increased N accumulation, *V*~a~, *V*~m~, and root N uptake rate, and delayed *T*~0~ and prolonged *T*~2~--*T*~1~ in both cultivars, whereas the root N uptake kinetic parameters *V*~max~ per FW and *V*~max~ per plant were significantly increased under LN stress. The *V*~a~, *V*~m~, root N uptake rate, *V*~max~ per FW, and *V*~max~ per plant of ZH 311 were significantly higher than those of XY 508, whereas the *K*~m~ of XY 508 was higher than that of ZH 311. On the basis of these observations, we can conclude that higher root N uptake ability is an important physiological mechanism in ZH 311 that enables this cultivar to efficiently acquire N, particularly under N-deficient conditions. The higher N uptake ability of the N-efficient cultivar ZH 311 compared with the N-inefficient cultivar XY 508 can mainly be attributed to the lower *K*~m~ value and higher N uptake rate of ZH 311, particularly during the later growth period. Further research on root morphology and physiology is needed to comprehensively analyze the differences between the N-efficient cultivar ZH 311 and N-inefficient cultivar XY 508 and to elucidate the efficient N uptake mechanism in N-efficient cultivars.
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CK

:   normal-nitrogen group

Exp. I and Exp. II, Experiment I and II

:   respectively
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:   fresh weight
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LBS

:   large bell stage

LN

:   low-nitrogen group
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:   time of instantaneous maximum slope

*T*~1~

:   time of N uptake rate acceleration
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:   time of N uptake rate deceleration
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:   rapid N uptake period

*V*

:   uptake rate

*V*~a~

:   average N uptake rate
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:   maximum N uptake rate
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